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We present ab-initio calculations of seven digital magnetic heterostructures, GaN d-doped with V, Cr,
Mn, Fe, Co, Ni, and Cu, forming two-dimensional systems. Only GaN d-doped with V or Cr present a
ferromagnetic ground state with high Curie temperatures. For both, to better describe the electronic
properties, we used the GGA-1/2 approach. The ground state of GaN/Cr resulted in a two dimensional
half-metal, with 100% spin polarization. For GaN/V, we obtained an insulating state: integer magnetic
moment of 2.0 lB, a minority spin gap of 3.0 eV close to the gap of GaN, but a majority spin gap of
0.34 eV.VC 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4751285]
Since the 1990s, GaN-based semiconductors have
gained relevance in a wide range of applications: high-
frequency and high-power transistors,1 lasers, light-emitting
diodes (LEDs) and photodectetors operating in the blue-
ultraviolet region of spectrum.2 There have also been
increasing interest in the synthesis of a magnetic semicon-
ductor (MS) based on GaN for spintronic applications. Pio-
neering experimental and theoretical studies of MS based on
GaN were very promising, with the possibility of ferromag-
netism above room temperature (RT).3–5 However, recently
some works have guided the conclusion that a dilute MS
based on GaN should present small Curie temperature
(Tc).
6,7 The high Tc observed in previous experiments was
attributed to phase separation and the presence of magnetic
clusters or regions with very high concentration of transition
metal (TM) atoms.8 The formation of these magnetic aggre-
gates occurs mainly in a non-controlable way, and this fact
may hinder the reliability (of GaN-based MSs) necessary for
a spintronic device. An alternative route to surpass this diffi-
culty is to grow a digital magnetic heterostructure (DMH),
formed by d-doping GaN with a wisely chosen TM.9
DMH has already been achieved experimentally for
GaAs d-doped with Mn, leading to Tc ¼ 250 K.10 Another
good example is GaMnN monolayers (MLs) embedded in
GaN: this d-doping technique permits not only to synthesize
GaMnN ML with a Mn composition much higher than the
one achievable with bulk-GaMnN, but also to enhance the
magnetization and the Tc of the sample.
11–13 A DMH has
also been proposed for Si, to overcome the difficulty of Mn-
doping.14 This kind of structures also presents some peculiar
characteristics owned by two dimensional (2D) systems,
once the spin-exchange interaction of magnetic ions is differ-
ent from that in a random alloy.15–17 These attributes high-
light DMHs as very good structures for spintronic devices
operating at RT, with rather rich and complex physics.15
In this work, we study theoretically, by means of ab ini-
tio calculations, DMHs formed by MLs of substitutional TM
atoms embedded in wurtzite GaN, denoted hereafter as GaN/
TM. These systems are easier to simulate in comparison with
diluted magnetic semiconductors (DMS), since they present
ordering whereas DMS require a more complex statistical
model due to disorder.16 We use spin density functional
theory (SDFT) calculations within the generalized gradient
approximation (GGA) for the exchange correlation poten-
tial.18 To solve Kohn-Sham equations, we employ the pro-
jector-augmented wave method19 as implemented in the
VASP code,20 with a cutoff energy of 282.67 eV. All atomic
coordinates are relaxed until the Hellmann-Feynman forces
vanished, using as stopping criterion that the energy differ-
ence between two successive (ionic) steps should be
104 eV. Brillouin-zone integration is carried out using a
20 20 15 Monkhorst-Pack mesh.21 Initially, we consider
several TM atoms, namely V, Cr, Mn, Ni, Fe, and Cu, in
GaN forming isolated magnetic MLs. For these calculations,
we analyze supercells (containing 24 atoms) grown on
[0001] direction with 5 GaN MLs separating each magnetic
ML. For each DMH, we address the ground state, which can
be ferromagnetic (FM), antiferromagnetic (AFM), or non
magnetic. The magnetic alignment (FM or AFM) refers to
the interaction between TM atoms within the same ML,
since two distinct MLs are isolated from each other. The
optimized lattice parameters were not significantly affected
by the implementation of the isolated magnetic MLs and
were about the same as obtained for bulk GaN (a¼ 3.22 A˚
and c/a¼ 1.63); this fact agrees with previous experimental17
and theoretical works.22
In the second part of this work, we focus our attention on
the electronic properties of GaN/V and GaN/Cr, the only
DMHs with FM ground state (among the seven studied ones).
The standard SDFT-GGA leads to a charge density overde-
localization of d orbitals and to an underestimation of the
energy gap.23 To correctly simulate the d level of TM atoms,
it is well accepted that a correction must be included in the
exchange-correlation energy, going further than the local den-
sity approximation (LDA) or even the GGA.24 In the case of
Mn-doped GaN, for example, SDFT-GGA predicts a half-
metallic behaviour, while when an exchange-correlation
functional for accurate prediction of energy gap is used, an
insulating ground stated with considerable excitation gap is
observed in agreement with experimental data.23,25 In Refs.
23 and 25, the hybrid functionals and the LDAþU were
used, respectively. These methods can describe correctly
magnetic compounds, although they depend on a specific
choice of a given parameter. In the LDAþU method, the U
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parameter is not known in principle and should be obtained
by fitting the results to some reported measurements.26 For
example, the U needed for Mn-d orbital is not well defined:
Some studies report a value of 3 eV,27 while others claim it to
be 4 eV.28 Moreover, the LDAþU cannot be applied to all
magnetic compounds, for example, GaMnN is not well
described by this approach.29 On the other hand, in hybrid
functionals approach, one must mix a certain amount a of
nonlocal Hartree-Fock exchange interaction; however, the
method is not universal given a range from 2.7 eV to 3.19 eV
for the GaN bandgap.30 Another possible choice is the GW
approximation, which is considered the state of art for excited
states calculations. In this approach, one considers the ener-
gies of quasi-particles and calculates the electron self-energy
in terms of perturbation theory.31 This procedure has been
quite successful, achieving good accuracy, but it is computa-
tionally very demanding, and this constraints the applicability
of the method. Another choice is the GGA-1/2 method, which
we employ in this paper to include self-energy corrections
(SEC) when calculating the electronic properties of GaN/V
and GaN/Cr. We chose the GGA-1/2 (or its analogue, LDA-
TABLE I. Results for TM monolayers embedded in GaN: Energy difference
DE between between FM and AFM states (in meV) and total magnetic
moment of the supercell l (in lB per TM) for the FM case.
TM DE l
V 132.0 1.97
Cr 52.5 2.89
Mn 110.2 3.89
Fe 457.8 3.56
Co 25.5 1.05
Ni 0.1 1.50
Cu 1.0 0.17
FIG. 1. GGA-1/2 density of states for the
heterostructures (a) GaN/V and (b) GaN/
Cr: total, d of TM, and p of N at different
distances from the TM atoms (N1 the far-
thest and N3 the nearest).
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1/2) because it is a parameter-free method and has been
shown to accurately predict excited states for bulk semicon-
ductors, alloys, and interfaces, at a very small computational
price.32–37 Besides, GGA-1/2 also furnishes correct descrip-
tions for magnetic semiconductors, being already applied suc-
cessfully to GaMnAs26 and Cr-doped InN.38 This procedure
is inspired by the old Slater transition state technique for
atoms, shown to be equivalent to the inclusion of the self-
energy of the quasi-particle. The self-energy potential is
calculated for the atom, and when transferred to an infinite
crystal, it is trimmed not to extend to neighboring atoms. The
trimming is made by means of a cutting function with a pa-
rameter “CUT,” which is determined variationally by making
the bandgap extreme.26
In Table I, for the seven DMHs, we show the energy dif-
ference between FM and AFM states (DE) and the magnetic
moment per TM atom (l), calculated within SDFT-GGA
approach. Only GaN/V and GaN/Cr present a FM ground
state. The GaN/Fe and GaN/Mn DMHs have a strong AFM
coupling, whereas GaN/Co is AFM as well, but with a low
magnetic transition temperature. These results are in agree-
ment with other recent calculations of GaN/TM (TM¼Mn,
Fe, and Co) DMHs.15,39 One recent experimental work also
indicates AFM coupling for GaN/Mn.40 Finally, GaN/Ni and
GaN/Cu systems have a nonmagnetic ground state. Consid-
ering the simple model in which the TM atom provides 3
electrons to complete their bonds with N, the remaining d
electrons should provide l ¼ 2; 3, and 4 lB per TM atom
for V, Cr, and Mn, respectively. We verify that the calcu-
lated magnetic moments are indeed very close to these inte-
ger values. For the V and Cr cases, which sustain a FM
ground state, we can estimate their Curie temperatures
assuming that the difference between the FM and AFM
states (DE) is only due to the first-neighbor pair interaction
J ¼ DE=4. Once the magnetism of these DMHs come from
their two-dimentional TM lattices with 6 first-neighbors,
by considering the method of Onsager,41 we have Tc
¼ 3:64098 J=kB, where kB is the Boltzman constant. We
obtained for the GaN/V DMH a Tc ¼ 1394 K, and for GaN/
Cr DMH a Tc ¼ 555 K. There are in the litterature results
only for bulk systems. In 2012, three different papers pointed
ferromagnetism for bulk GaVN above RT: one of them is an
experimental work22 (which measured Tc ¼ 350 K), and the
other two are theoretical works, which predicted Tc > RT
42
and Tc > 350 K.
42 Concerning bulk GaCrN, many experi-
mental measurements have pointed43–47 a Tc lying in the
interval 320 K to 460 K. Our results for 2D GaN/V and GaN/
Cr system follow the trend already observed for bulk
GaVN22,42,48 and GaCrN:43–47,49 above RT Tc. Contrasting
DMHs approach with the usual DMSs, regarding the same
materials, the main difference is that DMHs present a 2D
region of extremely high concentration of TM atoms, which,
in principle, can favor magnetic ordering, thus leading to
higher Curie temperatures, in agreement with our previous
results.15
These initial results show that GaN/V and GaN/Cr are
better choices compared to others in terms of a FM ground
state, providing spin polarizations and potentially higher Tc.
However, the underestimation of band gaps in SDFT-GGA
(or SDFT-LDA) may conduct to wrong results for the mag-
netic properties, specially for the possibility of half-metallic-
ity.23,25,50 Therefore, the magnetic properties should be
revised by taking into account a method, which corrects
standard DFT energy gap. With this goal, we employed the
GGA-1/2 method32 for GaN/Cr and GaN/V systems. In this
paper, the DMH is calculated with a method that includes
self-energy corrections. First, we calculate the bulk GaN,
obtaining 3.25 eV for its band gap, in nice agreement with
the experimental value (3.5 eV). In this calculation, we cor-
rected only the N- p levels, as these are the most relevant for
the band gap calculation of GaN,32 but for GaN/V and GaN/
Cr, as the TM atom introduces states within the band gap,
we also include SEC for the d-level of V and Cr.
In Fig. 1, we present the density of states for GaN/V and
GaN/Cr obtained with GGA-1/2 calculations. The top of va-
lence band of GaN has N- p character, whereas the bottom of
conduction band is N- s. The inclusion of Cr or V ML quali-
tatively present the same results: The TM atoms introduce
states inside the gap for spin up, which hybridize with N
atoms of the neighboring layers. The states of N atoms far of
TM behave similarly to those N of the bulk GaN. For spin
down, we have an energy gap similar to the bulk, about
3.0 eV for GaN/V and 2.6 eV for GaN/Cr. The difference
between V and Cr here is basically due to the position of
Fermi energy because Cr has one electron more than V.
Therefore, in the case of GaN/V, we have a system with
FIG. 2. Spin up and spin down energy bands of GaN/V, using GGA and
GGA-1/2. Observe that GGA-1/2 opens a gap in the spin up conduction
band.
112403-3 Santos et al. Appl. Phys. Lett. 101, 112403 (2012)
Downloaded 16 Apr 2013 to 143.107.154.186. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://apl.aip.org/about/rights_and_permissions
2 lB, but with no states at Fermi energy and a spin up gap of
0.34 eV. However, GaN/Cr is a half metal with integer
moment of 3 lB and with only spin up states at Fermi level.
In Figures 2 and 3, we present the band structures for
the systems GaN/V and GaN/Cr, contrasting both GGA and
GGA-1/2 approaches. The lengths of reciprocal space direc-
tions K-H, A-C, and M-L are decreased in comparison with
usual wurtzite structure because the supercell that we are
employing is greater along the c direction. The bands in
these specific directions present low dispersion in the vicin-
ity of the Fermi energy, which indicates a small interaction
between magnetic MLs. Comparing GGA and GGA-1/2
bands, the gap is only opened in A-C direction. This effect
occurs because the character of the first unoccupied band
changes from s to d, when one goes from the zone center (C-
point) to the M, K, H, or L-point, and consequently the SEC
is different depending on the point of the Brillouin zone.
GGA calculations shows that both GaN/V and GaN/Cr
are spin polarized DMHs, albeit not half-metallic. However
within GGA-1/2 correction, GaN/Cr becomes half-metallic
and the Fermi energy crosses 3 bands, with occupations of
66%, 30%, and 4% and widths of 1.67, 1.83, and 2.08 eV,
respectively, leading to potentially good conduction of spin
up electrons in the plane perpendicular to the growth direc-
tion. The spin up bands below the Fermi energy have Cr- d
character, presenting low dispersion with a width of 0.84 and
0.28 eV. GGA-1/2 also predicts for GaN/V, a spin up energy
gap of 0.34 eV. The resultant integer magnetic moment of
2 lB is due to the two d-character spin up bands fully occu-
pied below the Fermi energy.
In conclusion, we performed first-principles calculations
of seven GaN/TM DMHs. Among all the simulated DMHs,
the most interesting turned out to be GaN/Cr and GaN/V,
which exhibit a FM ground state with Curie temperature
higher than room temperature. We verified that the GaN/Cr
forms a 2D half-metal whereas GaN/V behaves as an insula-
tor DMH with a integer magnetic moment of 2 lB, but with
an energy gap of 2.6 eV for spin down and a smaller energy
gap of 0.34 eV for spin up. We point out that GaN/V and
GaN/Cr may be suitable systems for spintronic devices that
need to operate at room temperature.
The authors are grateful to the brazilian funding agen-
cies Fapesp and CNPq.
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